We demonstrate the existence of a large endoplasmic reticulum (ER)-localized multiprotein complex that is comprised of the molecular chaperones BiP; GRP94; CaBP1; protein disulfide isomerase (PDI); ERdj3, a recently identified ER Hsp40 cochaperone; cyclophilin B; ERp72; GRP170; UDP-glucosyltransferase; and SDF2-L1. This complex is associated with unassembled, incompletely folded immunoglobulin heavy chains. Except for ERdj3, and to a lesser extent PDI, this complex also forms in the absence of nascent protein synthesis and is found in a variety of cell types. Cross-linking studies reveal that the majority of these chaperones are included in the complex. Our data suggest that this subset of ER chaperones forms an ER network that can bind to unfolded protein substrates instead of existing as free pools that assembled onto substrate proteins. It is noticeable that most of the components of the calnexin/calreticulin system, which include some of the most abundant chaperones inside the ER, are either not detected in this complex or only very poorly represented. This study demonstrates an organization of ER chaperones and folding enzymes that has not been previously appreciated and suggests a spatial separation of the two chaperone systems that may account for the temporal interactions observed in other studies.
INTRODUCTION
To travel along the secretory pathway and eventually reach their appropriate cellular destinations, newly synthesized secreted and membrane-bound proteins must fold and assemble correctly. Failure to do so results in their retention in the endoplasmic reticulum (ER) and eventual degradation. The proper conformational maturation of nascent secretory pathway proteins is both aided and monitored by a number of ER chaperones and folding enzymes in a complex process termed ER quality control . The components and mechanisms of action of two major chaperone systems have been best studied. The first system is dependent on the presence of both monoglucosylated N-linked glycans and unfolded regions on nascent glycoproteins. The resident ER protein UDP-glucosyltransferase (GT) binds to the unfolded regions and adds a single glucose to the deglucosylated glycan (Trombetta and Parodi, 1992) , which in turns provides the binding site for the ER chaperones calnexin and calreticulin (Sousa et al., 1992; . Cleavage of this glucose by the resident ER protein glucosidase II (Kornfeld and Kornfeld, 1985) abrogates the calnexin/calreticulin binding site (Trombetta and Parodi, 1992; Hebert et al., 1995) . If during the ensuing time the nascent chain folds, UDP-GT will not rebind and the protein will be released from the ER. However, if folding is not complete or correct folding is unable to occur, the cycle will repeat itself (Sousa et al., 1992; Hebert et al., 1995) .
The second major ER chaperone system is only dependent on the presence of unfolded regions on proteins containing hydrophobic residues, which are recognized by the ER chaperone BiP (Flynn et al., 1991; Blond-Elguindi et al., 1993) . In fact, some calnexin/calreticulin substrates can bind to BiP instead, if N-linked glycosylation is blocked (Balow et al., 1995; Zhang et al., 1997) . BiP is the ER Hsp70 family member (Haas and Wabl, 1983; Munro and Pelham, 1986) , and like all Hsp70 proteins, it binds both ADP and ATP, which serve to regulate its binding and release from nascent chains (Kassenbrock and Kelly, 1989; Wei and Hendershot, 1995) . The hydrolysis of ATP to ADP causes Hsp70 proteins to bind tightly to substrates, and the exchange of ATP for ADP induces a conformational change in Hsp70, which in turn causes the release of bound substrates (Kassenbrock and Kelly, 1989; Palleros et al., 1993; Buchberger et al., 1995; Article published online ahead of print. Mol. Biol. Cell 10.1091/ mbc.E02-05-0311. Article and publication date are at www.molbiolcell.org/cgi/doi/10.1091/mbc.E02-05-0311.
* Corresponding author. E-mail address: linda.hendershot@stjude.org. and . The ATPase cycle of Hsp70 proteins is both positively and negatively regulated by a number of chaperones and cofactors, including DnaJ, GrpE, Hip, Hop, and Bag-1 (Liberek et al., 1991; Frydman and Hohfeld, 1997; Hohfeld and Jentsch, 1997; Cheetham and Caplan, 1998) ; however, to date mammalian ER homologues of most of these proteins have not been identified. Like the calnexin/ calreticulin system, Hsp70 proteins are thought to undergo cycles of binding and release from unfolded proteins (Gamer et al., 1996; Bukau and Horwich, 1998) , with folding occurring during the release cycle (Hendershot et al., 1996) . A number of other resident ER chaperones and folding enzymes, such as GRP94 (Melnick et al., 1992; Kuznetsov et al., 1994; Chavany et al., 1996) , GRP170 (Lin et al., 1993; Kuznetsov et al., 1997) , ERp72 (Mazzarella et al., 1990; Lin et al., 1993; Reddy et al., 1996) , protein disulfide isomerase (PDI) (Roth and Pierce, 1987; Bulleid and Freedman, 1988; Reddy et al., 1996) , and peptidyl-prolyl isomerases (Bose et al., 1994; Bush et al., 1994) have been identified and shown to bind to some nascent ER proteins. However, the role of most of these proteins in ER quality control and their relationship to the two major chaperone systems have not been clearly elucidated. Hetero-oligomeric Ig proteins have provided an excellent system for studying the interaction of nascent ER proteins with chaperones during folding and subunit assembly. Ig molecules interact with several molecular chaperones as they mature in the ER (Haas and Wabl, 1983; Bole et al., 1986; Roth and Pierce, 1987; Hochstenbach et al., 1992; Melnick et al., 1992; Lin et al., 1993; Lassoued et al., 1996) . Among these, BiP has been shown to play a vital role in the folding and assembly of immunoglobulin heavy and light chains. Although BiP interacts very transiently with the variable domain of light chains (V L ) and with some constant region domains of heavy chains (Kaloff and Haas, 1995) , it remains bound to the first constant domain of the heavy chain (C H 1) in the absence of light chain synthesis (Hendershot et al., 1987) . This is because the C H 1 domain does not fold until light chains assemble and release BiP (Lee et al., 1999) . In this way, BiP retains unassembled heavy chains inside the ER and prevents their secretion or transport to the cell surface (Hendershot et al., 1987) . Interestingly, when BiP is released from unassembled heavy chains in vitro with ATP, the C H 1 domain can fold rapidly and form its intramolecular disulfide bond (Lee et al., 1999) . However, in mouse myeloma cells that lack light chains, the heavy chains have a long half-life, remain very stably bound to BiP, and do not fold their C H 1 domain (Vanhove et al., 2001) , even though ATP is present in the ER (Clairmont et al., 1992) . These observations led us to speculate that there may be a regulatory protein(s) in the heavy chain-BiP complex that prevents BiP from cycling on and off heavy chains in vivo, which is lost upon detergent lysis of cells (Lee et al., 1999) .
In this report, we demonstrate by chemical cross-linking that a number of additional ER molecular chaperones and folding enzymes are part of the heavy chain-BiP complex. GRP94 is one of the most abundant proteins present in this complex. A number of other ER chaperones and folding enzymes (i.e., CaBP1 or protein disulfide isomerase P5, PDI, an ER Hsp40 cochaperone [ERdj3], GRP170, ERp72, cyclophilin B, UDP-GT and the SDF2-L1 protein) are also found in this complex. Calnexin and calreticulin, which are major ER proteins and which interact with nascent glycoproteins in the ER (Tatu and Helenius, 1997; Zhang et al., 1997) , were either absent from this complex or only present in very small quantities. This large multiprotein complex, excluding ERdj3 and to a lesser extent PDI, also forms in the absence of heavy chain synthesis and may constitute the ER network that has been proposed by others (Kuznetsov et al., 1994 (Kuznetsov et al., , 1997 Reddy et al., 1996; Tatu and Helenius, 1997) .
MATERIALS AND METHODS

Cell Lines and Antibodies
The human hepatoma cell line HepG2 and mouse lymphoma cell lines Ag8(8) (␥ ϩ , LC Ϫ ) (Bole et al., 1986) , G403 (␥⌬C H 1 ϩ , LC Ϫ ) (Hendershot et al., 1987) , Ag8.653 (Ig Ϫ ) (Kearney et al., 1979) , and J558L (Oi et al., 1983) were grown in complete RPMI-1640 medium containing 10% fetal bovine serum, 2 mM l-glutamine, and 100 U/ml penicillin-streptomycin. NIH3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 100 U/ml penicillin-streptomycin. Polyclonal antirodent BiP , anti-GRP94 (Lawson et al., 1998) , and anti-calnexin were raised against recombinant proteins in this laboratory. Anti-GRP170, anti-ERp29, anti-UDP-GT, and CaBP1 antibodies were kindly provided by Drs. R. Zimmermann (Universitat des Saarlandes, Homburg, Germany), S. Mkrtchiana (Karolinska Institute, Stockholm, Sweden), D. Thomas (McGill University, Montreal, Canada), and D. Ferrari (Max Plank Institute, Gottingen, Germany), respectively. Antibodies specific for protein disulfide isomerase, calreticulin, and ERp72 were purchased from Stressgen (Victoria, British Columbia, Canada).
Metabolic Labeling and Cross-Linking of Proteins
Cells (20 -40 ϫ 10 6 ) were metabolically labeled with 35 S-TransLabel (ICN Pharmaceuticals, Costa Mesa, CA) (50 Ci/ml) in 8 ml of methionine-free RPMI-1640 medium supplemented with 10% complete RPMI-1640 medium. After 16 h of labeling, an additional 0.1 mCi of 35 S-TransLabel was added to the cell culture for an extra 30-min incubation. The labeled cells were washed with cold HEPES buffer (25 mM HEPES-KOH, pH 8.3, and 125 mM KCl) three times, resuspended at 10 ϫ 10 6 cells/ml in HEPES buffer, and aliquoted into tubes. A 5-mg/ml solution of the membrane-permeable, thiolcleavable cross-linker dithiobis(succinimidylpropionate) (DSP) was freshly prepared in dimethyl sulfoxide and added to the cells to achieve a final concentration of 150 g/ml. The cells were incubated on ice for 1 h with occasional shaking and then incubated with 1 M glycine (100 mM final concentration) and 1 M N-ethylmaleimide (40 mM final concentration) for an additional 15 min on ice to quench the cross-linking reaction. Control incubations were treated in an identical manner except no cross-linker was added. The cells were collected by centrifugation at 2500 rpm in a microcentrifuge for 3 min at 4°C and lysed in 1 ml of NP-40 lysing buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% deoxycholic acid, and 0.5% NP-40). The resulting lysates were clarified by centrifugation at 14,000 rpm for 10 min at 4°C. Ig heavy chains were precipitated with protein A-Sepharose for 2 h, because the ␥ heavy chains bind directly to protein A-Sepharose and do not required a primary antibody for immunoprecipitation. Resident ER proteins were immunoprecipitated by incubating cell lysates with the appropriate antisera for 90 min followed by a 30-min incubation with protein A-Sepharose. Immune precipitates were washed and prepared for SDS-PAGE analysis as described previously .
In an attempt to isolate the multiprotein complex without using a cross-linker, seven different methods were used to disrupt the ER vesicles contained in the postnuclear fraction. These included 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate (CHAPS) lysing buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 1% CHAPS), digitonin lysing buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 1% digitonin), dodecylmaltoside lysing buffer (50 mM Tris-HCl, pH 7.4, 165 mM NaCl, 2 mM EDTA, and 1% dodecylmaltoside), NP-40 lysing buffer, a cycle of freezethawing, followed by homogenization of the postnuclear fraction in HFTP buffer (25 mM Tris-HCl, pH 8.2, 1 mM EDTA, 50 mM NaCl, 10% [vol/vol] glycerol, 10 mM Na 2 MoO 4 , 1 mM phenylmethylsulfonyl fluoride, 20 g/ml leupeptin, and 20 g/ml aprotinin), Triton X-100 lysing buffer (20 mM HEPES, pH 7.4, 50 mM NaCl, 20 mM imidazole, and 1% Triton X-100, diluted to 0.02% before immunoprecipitation), and resuspension of the postnuclear fraction in TESV buffer (50 mM Tris-HCl, pH 7.5, 2 mM EDTA, 50 mM NaCl, and 1 mM NaVO 3 ) followed by sonication three times on ice for 10 s each as described previously (Chavany et al., 1996) . In each case, insoluble matter was pelleted by centrifugation at 14,000 rpm for 10 min at 4°C, and Ig heavy chains [Ag8(8)] were precipitated from the resulting supernatant with protein A-Sepharose beads that had been washed in the appropriate buffer and BiP (Ag8.653) was immunoprecipitated with a specific antibody. The precipitated protein complexes were washed in their respective lysing buffers containing 400 mM NaCl.
Two-Dimensional (2D) SDS-PAGE Analysis
To examine direct protein-protein interactions, 6 ϫ 10 6 cells were treated with 150 g/ml DSP. Protein complexes were immunoprecipitated as described above. The samples were first electrophoresed under nonreducing conditions to separate different crosslinked complexes that might be present. The gel strip corresponding to a single sample was cut from the first gel and equilibrated in 5 ml of reducing SDS sample buffer for 40 min at room temperature on a rocker to reduce DSP and liberate the various proteins in the complex. The gel strip was then placed on the top of a second gel and run at a 90°angle to the first. After electrophoresis, gels were stained with Coomassie Blue, destained, treated with Amplify Reagent (Amersham Biosciences, Piscataway, NJ), and dried for autoradiography.
Western Blot Analysis
To identify proteins in the heavy chain complex, 20 ϫ 10 6 unlabeled Ag8(8) cells (␥ ϩ , LC Ϫ ) were either cross-linked with 150 g/ml DSP or kept on ice, untreated. After lysis, Ig heavy chains were precipitated from the samples with protein A-Sepharose, and complexes were fractionated on 10% SDS-PAGE gels under reducing conditions. As a positive control for the various antisera, whole cell lysates were prepared from 2 ϫ 10 6 cells and loaded directly onto the gels. Ag8.653 cells [an Ig Ϫ subclone of the Ag8(8) cell line] were treated similarly and served as a negative control for proteins that bind nonspecifically to protein A-Sepharose instead of to the heavy chains. After electrophoresis, proteins were transferred to a nitrocellulose membrane and probed with the indicated primary antibodies in gelatin wash buffer (0.1% gelatin, 15 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.1% Triton X-100, and 0.002% NaN 3 ). After washing, the blots were incubated for 90 min with the appropriate secondary antibodies (goat anti-mouse Ig for anti-calnexin, anti-PDI, and anti-ERp29 antibodies and goat anti-rabbit Ig for anti-calreticulin, anti-GRP170, anti-GRP94, anti-ERp72, anti-CaBP1, anti-UDP-GT, and anti-BiP). Blots were then incubated with horseradish peroxidaseprotein A for 30 min and developed with the enhanced chemiluminescence reagent (Amersham Biosciences).
Postnuclear Fraction Preparation and Vesicle Lysis
To increase the efficiency of cross-linking, the postnuclear fraction, which contained ER vesicles, was prepared before cross-linking and isolated before lysis in some experiments as indicated. The method for vesicle production and purification represents a crude fractionation allowing removal of most of the contaminants. The labeled cells (20 ϫ 10 6 ) were washed twice with 8 ml of cold HEPES buffer and resuspended in 2 ml of HEPES buffer and disrupted with 50 strokes in a Teflon homogenizer. The resulting sample was centrifuged at 2500 rpm in Microfuge for 10 min at 4°C to separate cell debris from the vesicles, which remained in the supernatant. The supernatant was divided into two tubes; one was treated with 150 g/ml DSP for 1 h on ice, and the other received only dimethyl sulfoxide. After quenching with 100 mM glycine and 40 mM Nethylmaleimide for 15 min on ice, the postnuclear fraction was pelleted at 14,000 rpm for 10 min at 4°C. The vesicle pellet was lysed with NP-40 lysing buffer and prepared for immunoprecipitation.
Preparation of Proteins for Sequencing
To purify proteins bound to Ig heavy chains for identification, the postnuclear fraction was prepared from 300 ϫ 10 6 Ag8(8) cells. The vesicle suspension was treated with 150 g/ml DSP, quenched, pelleted, and lysed as described above. The Ig heavy chain complex was isolated with protein A-Sepharose and subjected to reducing SDS-PAGE analysis. Coomassie-stained bands were excised, reduced with dithiothreitol, and cysteine residues were alkylated with iodoacetmide. The proteins were then digested with sequencinggrade trypsin (Promega, Madison, WI), and peptides were extracted with 0.1% trifluoroacetic acid plus 5% acetonitrile for analysis by combined liquid chromatography/tandem mass spectrometry. Peptides were isolated and sequenced on the basis of their ion fragmentation patterns and then compared with protein sequence databases. Briefly, separation was performed on a capillary high-performance liquid chromatography system from Waters (Milford, MA) by using a 0.32 ϫ 150-mm column of Waters Delta-Pak C8 packed by Micro-Tech Scientific (Sunnyvale, CA). Acetic acid (1%) was used as mobile phase and elution was accomplished at a flow rate of 3 l/min with a gradient of 0 -45% acetonitrile Ͼ40 min. Mass spectrometry was performed using an LCQ-Deca ion-trap mass spectrometer from ThermoFinnigan (San Jose, CA) with an electrospray ion source. Peptides were assigned to known proteins by searching the uninterpreted spectra acquired by collision-induced dissociation of peptides against the National Center for Biotechnology Information nonredundant protein sequence database using the SEQUEST program provided by ThermoFinnigan.
Glycerol Gradients
Ten million Ag8(8) and Ag8.653 cells were metabolically labeled and postnuclear supernatants were prepared as described previously. After quenching, Triton X-100 (1% vol/vol) was added to disrupt the vesicles, and samples were made 3% glycerol (vol/vol) before layering on to 20 -40% glycerol gradients (20 mM HEPES, 150 mM NaCl, and 0.2% Triton X-100). Gradients were centrifuged in an SW41 rotor at 45,000 rpm for 16 h. Fractions (15ϫ333 l) were collected from the bottom of the tube and immunoprecipitated as described above. Molecular weight standards were purchased from Pharmacia (Peapack, NJ) and sedimented with each run. Fractions were collected, analyzed by SDS-PAGE, and visualized by Coomassie staining.
RESULTS
Identification of Additional Proteins in Heavy Chain-BiP Complex
To determine whether additional ER proteins that were not stable to detergent-lysing conditions might be bound to unassembled Ig heavy chains, we isolated the postnuclear fraction from metabolically labeled cells and treated them with DSP, a membrane-permeable, thiol-cleavable crosslinker. Two cell lines were used, the first one, Ag8(8), only expresses the Ig heavy chain. Without light chains the heavy chains cannot be secreted and accumulate in the ER bound to BiP. The second one, Ag8.653, does not express either light or heavy chains and served as a negative control. Ig heavy chains were isolated from Ag8(8) cells, and the pattern of proteins binding to heavy chains after cross-linking was compared with that obtained with heavy chains isolated from nontreated vesicles. Coomassie-stained gels that had been run under reducing conditions revealed an additional protein in the heavy chain-BiP complex after cross-linking that migrated with apparent molecular mass of ϳ94 kDa and was present in amounts that seemed similar to BiP and heavy chains ( Figure 1A) . The autoradiograph obtained from the same gel revealed that, in addition to BiP, at least nine other proteins were part of the unassembled Ig heavy chain complex. Their molecular masses were ϳ170, 150, 94, 90, 72, 55, 46, 43, and 23 kDa ( Figure 1B) . The 72-kDa band was only detectable on a shorter exposure of this autoradiograph and was masked by the BiP signal on the longer exposure (our unpublished data). Heavy chains isolated in the absence of DSP coprecipitated either very small or nondetectable quantities of these same proteins. The 94-kDa band showed the most dramatic increase among the seven proteins after cross-linking ( Figure 1B) and was present in substantial quantities as observed by Coomassie staining, whereas the other proteins seemed to be present in much lower amounts because they were not readily detected by this method. To confirm that these additional proteins Figure 1 . Unassembled Ig heavy chains associate with a number of ER proteins in addition to BiP. The postnuclear fraction was obtained from metabolically labeled Ag8(8) cells and divided into two tubes: one for a negative control and the other treated with 150 g/ml DSP. After quenching, vesicles were solubilized and heavy chains were precipitated with protein A-Sepharose for SDS-PAGE analysis under reducing conditions. The gel was first stained with Coomassie Blue (A) and then exposed to film for an autoradiograph (B). BiP and a ␥ heavy chain are indicated on the left of the gel. Additional proteins detected after cross-linking are marked with arrows. Ag8.653 cells were labeled and treated similarly (Ϫ and ϩDSP) and then immunoprecipitated with protein A-Sepharose (C). The cell lysates were obtained by using different detergents to release the ER proteins (1% CHAPS, 1% digitonin, 1% dodecylmaltoside [DDM], 0.5% deoxycholic acid, 0.5% NP-40, and 0.2% Triton X-100) or no detergent (a cycle of freeze-thawing followed by homogenization of the postnuclear fraction in HFTB buffer (HFTB) or 10-s sonication in TESV buffer (TESV) as described in MATE-RIALS AND METHODS (D). Additional proteins detected after cross-linking and after sonication are indicated with arrows. bound specifically to heavy chains rather than nonspecifically to protein A-Sepharose, the postnuclear fraction from the Ag8.653 Ig Ϫ subclone was treated with DSP and protein precipitation was carried out using protein A-Sepharose as described above. There was no detectable binding of these proteins to protein A-Sepharose when labeled lysates from the DSP-treated Ag8.653 postnuclear fraction was used (Figure 1C) . The amounts of several proteins coprecipitating with heavy chains actually decreased after the cells were treated with the cross-linker ( Figure 1B) . One of these, the 60-kDa protein, was identified as mitochondrial hsp60 by microsequencing. We hypothesize that it is binding opportunistically to the heavy chains after NP-40 lysis when the other proteins of the complex are no longer present. Several different nonionic detergents were used in an attempt to isolate the complex, but other than cross-linking only the disruption of ER vesicles by sonication allowed some of the complex to be preserved ( Figure 1D ). However, trace amounts of some additional heavy chain-associated proteins could be detected with some of the nonionic detergents (CHAPS, digitonin, and dodecylmaltoside). The use of a cross-linker provided the greatest and most reproducible recovery of the additional proteins associated with the heavy chain, so all the following experiments were performed with it.
Because the molecular masses of some of the proteins in the complex were similar to those of known ER chaperones and folding enzymes, Western blot analysis was performed using antibodies specific for these resident proteins. As a positive control for the ability of the various antibodies to detect the murine proteins, whole cell lysates of Ag8(8) and Ag8.653 cells were also tested. Western blot analysis demonstrated that the 150-kDa protein bound to heavy chains after cross-linking was GRP170, and the 94-kDa band was identified as GRP94 ( Figure 2) . Although there were trace amounts of GRP170 and GRP94 coprecipitating with heavy chains before cross-linking, the amount of both proteins markedly increased after cross-linking, which is consistent with the SDS-PAGE analysis of metabolically labeled bands corresponding to these molecular masses ( Figure 1B) . BiP binds heavy chains very stably in the absence of crosslinkers, so there was no detectable difference in the amount of BiP coprecipitated before and after DSP treatment. The 72and 58-kDa band was identified as ERp72 and protein disulfide isomerase, respectively (Figure 2A) . In an attempt to identify the 23-kDa protein, an antibody to ERp29 was used. ERp29 is a recently identified ER protein that interacts with BiP and contains a thioredoxin-like domain (Mkrtchian et al., 1998) . Although the 23-kDa protein observed on our autoradiograph did not comigrate with ERp29 (our unpublished data), we did find that small amounts of ERp29 cross-linked specifically to heavy chains by Western blotting (Figure 2A ). Either the incorporation of isotope into ERp29 or its relative pool size may have contributed to our inability to detect it bound to heavy chains by metabolic labeling. Antibodies to both calnexin and calreticulin were also used for Western blotting analysis. First, both calnexin and calreticulin did not seem to be components of the multiprotein complex ( Figure  2B ). However, if larger numbers of cells were used to isolate the complex, trace amounts of calreticulin coprecipitated with heavy chains both in the presence and absence of the cross-linking agent ( Figure 2C ). This small amount of calreticulin was still present after tunicamycin treatment, suggesting either that it was not interacting with the N-linked glycan on the heavy chain or, due to the long half-life of heavy chains, that it interacts with the remaining glycosylated heavy chain. Although there was little calreticulin and no calnexin associated with the complex, UDP-GT (p170), which catalyzes the monoglucosylation that is essential for their binding, was readily detected in the complex ( Figure  2B) .
In an attempt to identify all the additional proteins in this complex, the postnuclear fraction was isolated from 300 ϫ 10 6 unlabeled Ag8(8) cells, treated with DSP, and prepared for precipitation with protein A-Sepharose. The multiprotein complex associated with the heavy chain was resolved (8) and Ag8.653 cells were used as a positive control for the antibodies (lanes 1 and 4) . The postnuclear fraction from 10 ϫ 10 6 cells was either treated with DSP (lanes 3 and 6) or left untreated (lanes 2 and 5) and lysates were prepared as described in MATERIALS AND METHODS. Lysates from Ag8(8) (lanes 2 and 3) and from Ag8.653 (lanes 5 and 6) were incubated with protein A-Sepharose and precipitated proteins were electrophoresed and transferred for blotting. Segments of the nitrocellulose were reacted with the antibodies indicated and developed as described (A). Then 10 ϫ 10 6 Ag8(8) cells were treated overnight with 2 (ϩ) or 0 (Ϫ) g/ml tunicamycin, incubated with DSP, and heavy chains were isolated from lysates with protein A-Sepharose and processed as in A. Total cell lysate from 10 ϫ 10 6 cells was used as a positive control for the antibodies (B). Cells were treated as in B except that 40 ϫ 10 6 Ag8 (8) under reducing conditions by SDS-PAGE. Individual proteins were visualized by Coomassie Blue stain, and most bands indicated by arrows were identified by mass spectrometry ( Figure 3 ). The results (Table 1) confirmed the presence of the proteins identified by Western blot including PDI, which showed a weak signal by Western blot ( Figure  2) . The presence of UDP-GT was confirmed (ϳ170-kDa band) and p43 was identified as ERdj3, a mammalian ER DnaJ cochaperone (Bies et al., 1999; Yu et al., 2000) . The ϳ23-kDa band contained cyclophilin B, an ER peptidylprolyl-isomerase, and the SDF2-L1 protein (stromal cellderived factor 2-like1), a member of the protein O-mannosyltransferase family (Fukuda et al., 2001) (Figure 4) . Although the 94-kDa band appeared as a doublet on some gels, the mass spectrometry data of this band revealed the presence of only GRP94. It is possible that the faster migrating band represents a pool of unglycosylated GRP94. The mass spectrometry data for the 55-kDa band revealed that it primarily contained PDI (50 peptides assigned to this protein) and confirmed that only trace amounts of calreticulin and ERp57 were present (three and eight peptides, respectively, assigned from this band). The bands indicated by asterisks were sequenced and found to entirely correspond to degradation products of the heavy chains (Figure 3) . In summary, unassembled heavy chains can be found in the ER associated with a number of different ER chaperones and folding enzymes. Unlike BiP, the association of these other proteins with heavy chains was not particularly stable to NP-40 lysis.
ER Chaperones Exist as Multiprotein Complexes
We wished to determine whether the individual proteins of the chaperone complex formed on the unassembled heavy chains or whether the heavy chains associated with a preformed chaperone network. Ag8.653 cells (Ig Ϫ ) were treated with DSP, and proteins were immunoprecipitated with a polyclonal anti-BiP serum and analyzed by reducing SDS-PAGE. Most of the proteins found in the complex, with the exception of ERdj3, were coprecipitated with BiP ( Figure  5A ). It is also noticeable that the relative amount of PDI in the complex was decreased in the anti-BiP immunoprecipitated material. A new protein that migrated at ϳ48 kDa was detected. Because p48 migrates similar to the heavy chain band in Ag8(8) cells, it is possible that it was also present in the complex associated with heavy chains but was masked by them. As a control, proteins were also immunoprecipitated with a polyclonal anti-calreticulin antibody. Because only a trace amount of calreticulin was found in the complex associated with the heavy chain, we expected not to see the same complex. The data showed that calreticulin does not interact with this complex, and only a trace amount of a 75-kDa protein, which might be BiP, coprecipitated with calreticulin ( Figure 5B ). Similar results were obtained when NIH3T3 fibroblasts, HepG2 hepatoma cells, or ER vesicles Figure 3 . Coomassie staining of the proteins of the complex for isolation and identification. Then 300 ϫ 10 6 Ag8(8) cells were treated with 150 g/ml DSP. The postnuclear fraction was prepared, and Ig heavy chains and associated proteins were isolated with protein A-Sepharose, which were separated by reducing SDS-PAGE on a 10% acrylamide gel. The gel was then Coomassie stained and protein bands were isolated and submitted to mass spectrometry analysis. The arrows shows all the proteins analyzed and the asterisk (*) shows degradation products from the heavy chain. from rat liver were examined, demonstrating that these chaperone complexes are a normal feature of the ER organization (our unpublished data). Western blots were done on the various BiP-associated proteins from Ag8.653 cells to confirm their identity. However, no antibodies were available for cyclophilin B or SDF2-L1, so we can only say that a band at ϳ23 kDa is present or absent in the different immunoprecipitations. These data suggest, first, that the chaperones exist together in complexes in the ER, and second, that their assembly with each other is not dependent on the presence of unassembled, unfolded heavy chains but rather that unassembled heavy chains may bind to this preformed ER chaperone network. It is notable that nascent protein substrates of BiP seem to be absent from the immune isolates from Ag8.653 cells. We believe that unlike the unassembled Ig heavy chains, which are a major product of the myeloma cell lines, have a long half-life, and remain incompletely folded, the amount of any other given nascent protein is too small compared with the ER chaperones to detect as single bands and would instead appear as trace smears. Because the ER chaperones seemed to be present in the ER as a preformed complex, we wished to determine whether their association with Ig heavy chains was dependent on the interaction of BiP with heavy chains. For these experiments, we used the G403 cell line, which synthesizes a ␥ heavy chain that has deleted its C H 1 domain, and therefore no longer possesses a permanent BiP binding site (Hendershot et al., 1987) . Heavy chains are normally retained inside the ER and degraded when expressed without light chains, but the same heavy chains, lacking the C H 1 domain (e.g., G403 cell line), are transported and secreted very rapidly. Metabolically labeled cell lysates of G403 cells were either subjected to DSP cross-linking or left untreated, and heavy chains were isolated with protein A-Sepharose. As expected, decreased amounts of BiP were associated with the C H 1deleted heavy chains compared with full-length ␥ heavy chains ( Figure 6 ). Of interest, the other proteins of the complex are also no longer bound to the heavy chain. This provides an additional control for the specificity of binding observed after cross-linking and suggests that either the binding of these proteins is dependent on the presence of BiP or that they all bind to the unfolded C H 1 domain. We did observe small amounts of BiP binding, which is a result of its transient association with the other Ig domains (Kaloff and Haas, 1995) . After a prolonged exposure of the same film (G403, far right), we observed bands corresponding to the sizes of all the additional proteins of the complex, suggesting that transient association of BiP with heavy chain domains also occurs as part of the same complex ( Figure 6) . The identification of the various proteins in the complex were confirmed by Western blotting with the same antibodies as in Figure 2 (our unpublished data) . In addition, the 48-kDa band found in the anti-BiP precipitated material was also observed, suggesting that it might be also present in the complex with full length heavy chains but masked due to its similarity in size. This protein was identified as CaBP1, also called protein disulfide isomerase P5, both by mass spectrometry ( Figure 7 and Table 1 ) and by Western blot analysis (our unpublished data).
Organization of Multiprotein Complex
To assess whether these complexes can form without any unfolded protein substrates and to determine what portion of the ER pool of the various chaperones is part of the complex, Ag8.653 cells were treated with cycloheximide to inhibit the translation of new proteins and to allow newly synthesized proteins to exit the ER. This dose of cycloheximide was shown to inhibit translation by labeling a separate pool of treated cells with [ 35 S]methionine and cysteine. Less than 2% of total protein synthesis remained at this dose (our unpublished data). In addition, the amount of time it took to empty the ER of a secreted protein was examined by labeling the J558L plasmacytoma cells, chasing in the presence of cycloheximide, and determining the amount of I light chains remaining at various times. After 90 min of treatment, only trace amounts of the secreted light chains were still detected inside cells (our unpublished data). Although different proteins leave the ER at various rates, we reasoned that 2 h of cycloheximide treatment should be sufficient to empty the ER of a significant pool of newly synthesized proteins. Cycloheximide-treated and untreated Ag8(8) cells were mechanically disrupted and the postnuclear fraction was treated with the cross-linker. The total lysate was then resolved under nonreducing conditions on a 5-15% gradient SDS gel before transferring and blotting with the indicated antisera (Figure 8 ). The postnuclear fraction from 1/10 as many untreated cells was removed before cross-linking to serve as a control for the mobility of the free pool of each chaperone. Under normal conditions, the majority of GRP170, GRP94, and BiP were present in high-molecularweight complexes (Figure 8 ). Calnexin was also present in larger complexes, although our immunoprecipitation data show that these complexes are distinct from those containing the other three chaperones. The lack of a strong distinct signal in the top portion of the gel may suggest that the calnexin complexes are more heterogeneous than the one containing BiP. Only a small fraction of these chaperones was released from their respective complexes after 2 h of cycloheximide treatment, with Ͻ10% of the total pool of each migrating as a free protein. This demonstrates that the majority of BiP, GRP94, ERdj3, and GRP170 are present as large complexes even in the absence of ongoing protein synthesis. It is possible that the other chaperones are also mostly present in the complex but we did not have the reagents to examine this directly. It could be noticed that the antibody raised against ERdj3 recognized an unidentified protein migrating around 63 kDa, which one can contribute to the signal observed for the complexes.
In an attempt to better characterize the chaperone complexes, labeled Ag8(8) cells were directly treated with the cross-linking agent and heavy chain complexes were isolated and resolved by 2D gels; the first dimension run under nonreducing condition and the second dimension under reducing condition. Similarly, BiP-containing complexes were isolated from labeled Ag8.653 cells and analyzed by the same method. In both cases, most of the proteins isolated previously were found in a high-molecular-weight complex-(es) that migrated near the top of the first-dimension gel (Figure 9, A and B) . The large complex associated with the heavy chain contained among other proteins UDP-GT, GRP170, GRP94, BiP, PDI, ERdj3, cyclophilin B, and SDF2-L1 ( Figure 9A ). In this gel, a band comigrating with the heavy chain in the second dimension but migrating at ϳ120 kDa in the first dimension corresponds to a heavy chain dimer. The presence of free heavy chain dimers, BiP, and GRP94 on the diagonal suggests that cross-linking was not complete when the whole cells were treated, because all of the heavy chains are bound to BiP under nonreducing conditions and should at the very least migrate as heavy chain-BiP complexes after DSP treatment (Figure 1; Hend ershot, 1990 ). The complex associated with BiP in Ag8.653 cells contained readily detectable quantities of UDP-GT, GRP170, GRP94, CaBP1, and the cyclophilin B/SDF2-L1 band. In the case of Ag8.653 cells, it is not determined whether both of the last two proteins were present in the complex. At this moment, it is not clear whether all the ER chaperones are part of a single complex or whether several different high-molecular-weight complexes exist that contain different chaperone complements. However, there is no evidence on these gels for the formation of smaller complexes of individual chaperones with heavy chains or each other. To determine the relative size of the ER chaperone complex, we resolved it by gradient density centrifugation. After fractionation, heavy chain complexes from Ag8(8) cells were precipitated with protein A-Sepharose, and BiP-containing complexes were immunoprecipitated from Ag8.653 cells and separated by reducing SDS-PAGE ( Figure 10) . The complexes seem to be somewhat heterogeneous ranging from ϳ140 to Ͼ700 kDa. However, the major BiP-containing complex resolved at ϳ232 kDa for the Ag8.653 ( Figure 10B, lanes  8 and 9) , whereas the heavy chain-containing complex(es) from the Ag8(8) cells fractionated at a slightly larger size ( Figure 10A, lanes 7-11) , which is in keeping with the chaperone complex binding to the heavy chains. Most proteins fractionate together and the size of the complex is not huge, which may be more compatible with discrete complexes as opposed to a very large and continuous matrix. However, the heterogeneity observed could be due to noncomplete cross-linking of a large network rather than more discrete complexes, making it difficult for us to draw definite conclusions at this point.
DISCUSSION
Data obtained from a number of studies have demonstrated that multiple ER chaperones can associate with a given nascent protein. Sitia and coworkers demonstrated that unoxidized Ig light chains form disulfide bonds transiently with both PDI and ERp72 and suggested that these proteins may form a kind of affinity matrix in the ER that impedes the transport of unoxidized nascent proteins (Reddy et al., 1996) . Similarly, both thyroglobulin (Kuznetsov et al., 1997) and HCG␤ (human chorionic gonadotropin beta) (Feng et al., 1995) can be cross-linked to BiP, GRP94, and ERp72 during their maturation, and the influenza hemagglutinin protein binds to a number of ER proteins, including BiP, GRP94, calreticulin, and calnexin when cross-linking agents are added to the cells (Tatu and Helenius, 1997) . However, it was not clear from these studies whether the chaperones were binding as a complex or whether the individual chaperones were binding to distinct unfolded regions on these proteins. Our data provide direct evidence that molecular Figure 6 . Additional ER chaperones bind to the same domain of heavy chain as BiP. Ag8(8) (lanes 1 and 2) and G403 (lanes 3-6) cells (heavy chain [HC] ⌬C H 1 ϩ , LC Ϫ ) were labeled overnight, split in two aliquots, and treated with 0 or 100 g/ml DSP. Gamma heavy chains were precipitated with protein A-Sepharose and analyzed by reducing SDS-PAGE. The right panel is the same thing that the middle panel but are from an autoradiograph that was exposed 15 times longer. chaperones exist as large complexes in the ER and provide new insights into the nature of this network. First, our data reveal that a large fraction of BiP, GRP94, and GRP170 exist as components of multichaperone complexes, even in the absence of unfolded substrates, which strongly suggests they are preformed instead of forming on unfolded proteins. Second, most of the known ER chaperones and folding enzymes are present in the ER chaperone complex. Third, the assembly of the complexes and their binding to heavy chains are very sensitive to detergent, but can be isolated by using a cross-linker or nondetergent-based methods for disrupting the ER (our unpublished data). Calnexin, calreticulin, ERp57, which functions as a cochaperone for calreticulin and calnexin (Oliver et al., 1999) , and the glycosidases are conspicuously absent or very poorly associated with the complex. However, the inclusion of UDP-GT provides a link between these chaperones and the BiP-GRP94-based chaperone system. It is not clear whether the chaperones are components of a single or multiple complexes, but only one large complex can be isolated by both the 2D gel electrophoresis and the density centrifugation analysis (our unpublished data). Based on the composition of the ER chaperone complexes, we hypothesize that not only do they serve, by virtue of their size, to prevent incompletely folded or assembled proteins from continuing through the secretory pathway but also that they also act to concentrate folding enzymes and chaperones onto the unfolded protein. Although nascent secretory pathway proteins are translocated into a concentrated mixture of structural elements, molecular chaperones, folding enzymes, and other nascent unfolded proteins, in most cases they fold rapidly and efficiently making it almost implicit that such an organization of chaperones and folding enzymes should exist.
GRP94 is one of the most abundant ER resident proteins and is thought to be the cytosolic homologue of Hsp90 based on strong sequence homology. However, unlike Hsp90, which has been well studied and shown to be essential for the maturation of numerous proteins, including steroid receptors (Bresnick et al., 1989; Smith et al., 1990) , kinases (Schulte et al., 1995) , and p53 (Blagosklonny et al., 1996) , the function of GRP94 remains somewhat of an enigma. This may be due, in part, to the detergent sensitivity of GRP94chaperone protein complexes. Hsp90 complexes are also very sensitive to detergents (Smith et al., 1990) , but cytosolic Hsp90 can be isolated from reticulocytes by hypotonic lysis, whereas most methods for disrupting ER membranes rely on detergents. Together with Hsp70, Hsp90 binds to unfolded cytosolic proteins and acts as a scaffold to recruit a number of additional chaperones, folding enzymes, and regulators of Hsp70 function, which form a series of dynamic complexes that cycle on and off unfolded proteins (Smith, 1993; Buchner, 1999) . It is of interest to note that Hsp90 and Hsp70 also form these dynamic complexes in the absence of unfolded proteins (Buchner, 1999) .
At this time, we have no evidence that GRP94 acts as the ER scaffold for assembling chaperones. Further experiments are needed to better characterize the role of GRP94 in this complex. However, there are a number of similarities between hsp90 and GRP94. First, like Hsp90, GRP94 is present as a major component of the chaperone complex containing BiP (an Hsp70). Second, its association with the various chaperones and heavy chains is extremely sensitive to detergent. Third, its assembly into chaperone complexes is not dependent on the presence of unfolded proteins. And fourth, the complexes isolated with GRP94 also contain regulators of BiP function like the ERdj3 (Bies et al., 1999; Yu et al., 2000) . The ER DnaJ cochaperone is a homologue of the cytosolic Hsp40 protein that regulates the ATPase activity of Hsp70 and is present in the Hsp90/Hsp70 complex associated with the hormone receptor (Smith, 1993; Buchner, 1999) . It is noticeable that much larger amounts of ERdj3 are present in the complex when BiP is associated with the Ig heavy chain, which is in agreement with its proposed function (i.e., the stimulation of BiP's ATPase activity; Yu et al., 2000) . This is also consistent with the function of its cytosolic homologue Hsp40, which binds both Hsp70 and the unfolded substrate to control the ATPase cycle of Hsp70 and provides a good control for the specificity of the crosslinking procedure, because this protein is absent from the complex without substrates. Finally, our identification of Figure 8 . Multiprotein complex remains upon treatment with cycloheximide to inhibit the translation of new proteins. Ag8.653 cells (8 ϫ 10 6 ) were left untreated or treated with 50 g/ml cycloheximide for 2 h. The postnuclear fraction was prepared from cells, cross-linked with DSP, and lysed in NP-40 lysing buffer. The two cross-linked ER lysates were divided into five aliquots, each of which were directly applied to 5-15% gradient gels before transferring to nitrocellulose membranes for blotting. Untreated Ag8.653 cells (8 ϫ 10 5 ) were lysed without prior cross-linking to identify the mobility of the free pool of the various proteins. The nitrocellulose membranes were reacted with the indicated polyclonal antisera. The mobility of the free pool of each protein is indicated with an arrow. cyclophilin B, an ER immunophilin protein, as part of the ER chaperone complex is in keeping with the presence of cytosolic immunophilins in the Hsp90 -Hsp70 complex. In addition, several proteins that are not found in the cytosolic Hsp70 -Hsp90 complex are present in the ER complex. The UDP-GT enzyme, which catalyzes the monoglucosylation reaction, GRP170, an ER Hsp70 family member whose function is not yet well characterized, and several members of the protein disulfide isomerase family (ERp72, PDI, and CaBP1) are also present, suggesting that if the ER complex is analogous to the cytosolic one, modifications have been made to fit the needs of protein folding in the ER. It is also the case of SDF2-L1, an ER stress-inducible protein, showing significant similarities to the central hydrophilic part of proteins O-mannosyltransferase (Fukuda et al., 2001) . This large complex, with the exception of ERdj3, is not only detected in the presence of the heavy chain but also in absence of any substrates and suggests that the ER is organized as a network able to bind nascent proteins as soon as they translocate into the lumen. The existence of such a network(s) could Figure 9 . Visualization of the high-molecular-weight complexes by 2D gels. Ag8(8) or Ag8.653 cells (6 ϫ 10 6 ) were metabolically labeled overnight and then treated with 150 g/ml DSP. Protein complexes were immunoprecipitated with protein A-Sepharose alone for Ag8(8) or anti-BiP and protein A-Sepharose for Ag8.653. The samples were first electrophoresed under nonreducing conditions to separate different cross-linked complexes that might be present (1). The gel strip corresponding to a single sample was cut from the first gel and equilibrated in 5 ml of reducing SDS sample buffer for 40 min at room temperature on a rocker to reduce DSP and liberate the various proteins in the complex. The gel strip was then placed on the top of a second gel and run at a 90°angle to the first (2). After staining the gel was dried and a film exposed. A and B is obtained from Ag(8) and Ag8.653 cells, respectively. Figure 10 . Velocity gradient centrifugation to determine the size of the cross-linked complex. Ag8(8) and Ag8.653 cells (10 ϫ 10 6 ) were metabolically labeled and the postnuclear fraction was prepared as described previously. Cross-linking was performed by including 150 g/ml DSP in the HEPES buffer containing 0.25 M sucrose. Triton X-100 (1%) was added to the cross-linked sample and then the lysates and high-molecular-weight markers were centrifuged through 20 -40% glycerol gradients. Each gradient was then separated into 15 fractions and the complex was precipitated with protein A-Sepharose beads for the Ag8(8) complexes (A) or immunoprecipitated with a polyclonal anti-BiP antibody for the Ag8.653 complexes (B). also explain why some molecular chaperones are so efficiently retained inside the endoplasmic reticulum even when they do not possess a KDEL retention sequence (Sonnichsen et al., 1994; Monnat et al., 2000) .
In a study of immunoglobulin light chain (LC) association with BiP and GRP94, Melnick and Argon concluded that BiP binds to an early intermediate of LC folding, whereas GRP94 associates preferentially with a more mature form of the protein and suggested that these two chaperones might act in tandem to fold the LC (Melnick et al., 1994) . Our data demonstrating that both proteins bind to unfolded Ig heavy chains as a single complex are not consistent with a "handoff" mechanism between these two chaperones for folding. It should be noted that in the Argon studies, it was not possible to use cross-linkers to stabilize GRP94 association with LC, because the oxidation status of the LC was being examined on nonreducing gels. Thus, weaker interactions of GRP94 with the LC might have been lost. Alternatively, the discrepancies between these two studies may reflect the difference between a protein that can fold (LC) and one that does not (␥ heavy chain). However, our data on the secreted heavy chain from the G403 cell line, suggest this is probably not the case. Finally, it is possible that unfolded substrates might bind first to one member of the chaperone complex and then "roll over" to the next chaperone it requires. Our data due not allow us to determine which proteins other than BiP have direct contact with the unfolded heavy chain.
It has been proposed that during the translocation of a given glycoprotein into the ER, a choice is made between chaperone systems (Molinari and Helenius, 2000) ; one comprised of BiP/GRP94 and one consisting of calnexin/calreticulin. However, transfer from one system to the other can clearly occur. The binding of vesicular stomatitis virus glycoprotein G first to BiP and then to calnexin demonstrates a temporal organization to chaperone interactions. Our data suggest this could be accomplished via a spatial organization of the two chaperone systems. We propose that the ER is organized into different networks containing distinct compositions of chaperone proteins. As the secreted proteins mature, they are transported inside the ER from one network (i.e., the BiP/ GRP94/other proteins in our complex) to the other (i.e., calnexin/calreticulin/and perhaps glucosidases). Retention of some malfolded or incompletely folded proteins in the first network would prevent them from being transported to another subregion of the ER that contains calnexin/calreticulin. This might explain why the glycosylated heavy chains examined herein do not readily interact with calnexin/calreticulin even though UDP-GT is part of the chaperone complex associated with them. Release of proteins from this complex would allow them to next interact with calnexin/ calreticulin, because their modification by UDP-GT would provide them with the appropriate recognition structures. It is also very possible that UDP-GT pools exist outside the BiP-GRP94 complex to allow continual interactions of some substrates with calnexin/calreticulin. Further support for this type of suborganellar organization to the ER comes from a recent study. By using fluorescence microscopy, the precursor of human asialoglycoprotein receptor, H2a, and the free heavy chains of major histocompatibility complex class I molecules were shown to accumulate in a compartment containing calnexin and calreticulin, but not BiP, PDI, or UDP-GT, when proteosomal degradation was inhibited (Kamhi-Nesher et al., 2001) . Thus, not only does their study demonstrate physically distinct subregions of the ER but also the subdivision of the two chaperone systems observed by Kamhi-Nesher et al. (2001) is completely consistent with the results we have reported herein.
In summary, we present data that support the existence of a previously unrecognized physical organization of chaperones inside the ER. The majority of the chaperones and folding enzymes found in this organelle are assembled into an ER network or complex. Calnexin and calreticulin are conspicuously absent from this complex. These preformed chaperone complexes can associate both transiently with proteins that are folding and more stably with unfolded proteins that will ultimately be degraded.
